Introduction

41
Organic aerosols have been recognized to account for a significant portion of 42 atmospheric particulate matter and to play an important role in regulating regional and global 43 climate (Jacobson et al., 2000; Kanakidou et al., 2005; Pöschl, 2005) . Aerosol particles that 44 are enriched with organic compounds can make the aerosol surfaces more hydrophilic or 45 hydrophobic depending on the chemical composition and mixing state, leading to alter the 46 cloud condensation nuclei (CCN) activities of particles. The long-range atmospheric transport 47 of aerosol particles from continental regions to remote oceans is a key process to control the 48 global distributions of organic aerosols. However, there are very few studies reported on the 49 long-term observations of organic aerosols in the remote marine atmosphere (Kawamura et al., 50 2003; Mochida et al., 2003) . 51
Saccharides are one of the major classes of water-soluble organic constituents in 52 atmospheric aerosols, which are ubiquitous in urban (Pashynska et al., 2002; Wang et al., 53 2006; Jia et al., 2010) , forest and mountain (Graham et al., 2003; Yttri et al., 2007; Fu et al., 54 6 for 2006-2009) with a flow rate of 1.0 m 3 min -1 and quartz fiber filters (QFF, 20 cm × 25 cm, 116 Pallflex). The sampler was placed on the top of the base (5 m, a.g.l.) for the parabola antenna 117 and run without a wind sector control. Before and after sampling, each sample was placed in a 118 pre-combusted (450 °C for 6 h) clean glass jar with a Teflon-lined screw cap. The samples 119 were stored in a dark freezer room at -20 °C prior to analysis. 120
Filter aliquots (ca. 20 cm 2 ) were cut off and extracted three times with 121 dichloromethane/methanol (2:1, v/v) under ultrasonication for 10 min. The extracts were 122 concentrated by a rotary evaporator under vacuum, blown down with dry nitrogen gas, and 123 reacted with 50 µl of N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% 124 trimethylsilyl chloride in the presence of 10 µl of pyridine at 70 °C for 3 h. This procedure 125 derivatizes COOH-and OH-groups to the corresponding trimethylsilyl (TMS) esters and 126 ethers, respectively. After reaction, the derivatives were diluted by adding 140 µl of n-hexane 127 that contains 1.43 ng µl -1 of internal standard (C 13 n-alkane) prior to GC-MS analyses of the samples were performed on a Hewlett-Packard model 6890 GC 129 coupled to Hewlett-Packard model 5973 mass-selective detector (MSD). The GC was 130 equipped with a split/splitless injector and a DB-5MS fused silica capillary column (30 m × 131 7 Relative standard deviations of the concentrations of major species based on duplicate 140 analysis were generally <15%. 141
Ten-day air mass back trajectories were calculated using the NOAA Hybrid 142
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4) model 143 (http://www.arl.noaa.gov/ready/hysplit4.html). The starting height of the trajectories present 144 in this study is 500 m a.s.l. Trajectories at 1000 m a.s.l. were also calculated; the horizontal 145 patterns are in general similar to those at 500 m and thus were not shown here. 146 147
Results and Discussion
148
The concentration ranges of saccharides in four seasons are summarized in Table 1 and 149 Table 2 for the period of 1990-1993 and 2006-2009, respectively and lower values in cold season. The dominant species that contribute to the higher 160 concentrations of saccharides in warmer seasons are mainly arabitol, mannitol, fructose and 161 glucose ( Table 1 and Table 2 ). These primary saccharides can be abundantly emitted as 162 primary biogenic aerosol particles, that is, fungal spores, pollen, bacteria, and plant fragments 8 Interestingly, a gradual decrease in the saccharide concentrations was found from 1991 to 165 1993 whereas a gradual increase was detected from 2006 to 2009. The local ambient 166 temperature showed strong seasonal patterns with no clear inter-annual trends, which suggests 167 that the temperature was not the main contributor to such annual variations because there 168 were no significant differences observed during the two sampling periods (Figure 3) . 169
However, the monthly averaged temperatures in 1992 were obviously lower than in 1991. The 170 1991 volcanic eruption of Pinatubo, which is located in the Philippines, has led to a decrease 171 in the average temperatures of 0.5-0.6 °C in the Northern Hemisphere and a global fall of 172 about 0.4 °C in the following years (http://en.wikipedia.org/wiki/Mount_Pinatubo). Lower 173 ambient temperatures may lower the primary biological activities such as the emissions of 174 fungal spores. Thus, the decrease of temperature by such a powerful volcanic eruption may in 175 part contribute to the decreasing concentrations of sugar in the western North Pacific form 176 1991 to 1993. 177
Seasonal variations of anhydrosugars 178
Levoglucosan and its isomers, galactosan and mannosan, are specific biomass burning 179 tracers in the atmosphere (Simoneit, 2002) . These anhydrosugars are derivatives of glucose, 180 galactose, and mannose, respectively (Simoneit et al., 1999; Graham et al., 2003) . Their were found to be more abundant than anhydrosugars in both periods. During the 1990-1993 221 period, glucose was found to be the dominant species, followed by mannitol, arabitol, and 222 fructose. During the 2006-2009 period, however, mannitol was the most abundant species, 223 followed by arabitol, sucrose, glucose, trehalose and fructose. A general lack of correlation 224 between the concentrations of sugars/sugar alcohols and anhydrosugars ( Table 3) suggests 225 that sugars and sugar alcohols should be emitted from other sources rather than biomass 226 burning. 227
The monthly averaged concentrations of sugar alcohols (erythritol, arabitol, mannitol, 228 and inositol) and sugars (fructose, glucose and trehalose) were found to be highest in 229 spring/summer, and lowest in winter/autumn during both the periods of 1990-1993 and 230 2006-2009 , whereas sucrose maximized in winter during the 1990-1993 period but did in 231 spring during the 2006-2009 period, and became lowest in autumn (Table 1 and Table 2) . (Table 3) . This may 261 suggest that xylose was more significantly derived from wood burning smokes in the early 262 1990s than in more recent years. 263
The seasonal pattern of sucrose is characterized by two sharp increases in February-March 264 and June-July (Figures 4k, 4w, and 6k) , which is different from the patterns of other 265
saccharides. Such an enhancement should be influenced by the local emission of airborne 266 pollen grains that contain a large amount of sucrose (Fu et al., 2012) . However, long-range 267 atmospheric transport of pollen from Asian continent to the remote island Chichi-Jima under 268 the influence of westerlies cannot be excluded. Previous studies reported that airborne pollen 269 can be transported from North America to Greenland in spring (Rousseau et al., 2008) . 270
The temporal variations of sugar alcohols (erythritol, arabitol, mannitol, and inositol) are 271 similar each other, which are characterized by concentration peaks during warmer seasons 272 (see Figures 4d-g, 4p -s, 6d-e, and 6g-h). Positive correlations (R>0.47) were found among 273 these sugar alcohols (Table 3) , indicating that they are mainly derived from fungal spores 274 during warm and humid seasons. Fructose and glucose also showed concentration peaks in 275 warm seasons during both 1990 -1993 and 2006 -2009 . As seen 276 in Figure 6 , the monthly averaged concentrations of fructose and glucose from January to 277 May in 1990-1993 are higher than those in 2006-2009. However, opposite trend were found 278 in July to November; that is, their concentrations are much higher in 2006-2009 than in 279 1990-1993. 280 Such a contrast is more significant for arabitol, mannitol, inositol and trehalose ( Figure 6) . 281
For example, the monthly averaged concentrations of arabitol and mannitol peaked in early 282 summer (May-June) during 1990-1993, whereas they remained at high levels from June to 283 September during 2006-2009. Such a difference in the seasonal variation may be attributable 284 to the potential shift in westerly and trade wind regimes although we could not specify the 285 changes in climate systems. In addition to the changes in climatological conditions during the 13 past two decades, another possible reason is that the local vegetation coverage may have been 287 changed at Chichi-Jima Island, a point that warrants further support. Leck and Bigg (2005) 288 have reported that the marine bubble bursting can create aerosols containing micro-organisms 289 and lead to primary biological particles in the atmosphere above the central Arctic Ocean. 290 Such a creation of primary bioaerosols may also contribute to the marine aerosols collected at 291 the remote Chichi-Jima Island in the North Pacific Ocean. 292
Positive matrix factorization (PMF) analysis 293
To better understand the possible sources of the observed saccharides, positive matrix 294 factorization (PMF3.0, USEPA) analysis was used in this study. PMF is a useful approach to 295 verify underlying covariance among chemical parameters (Paatero and Tapper, 1994) . The 296 analytical errors estimated for the measured values of saccharides in PMF analysis are 15% 297 uncertainty. Based on Q values (the objective function to be minimized), four interpretable 298 factors appeared to be the optimal solution as the probable origin of sugars in the atmosphere. 299 Figure 7 shows composition profiles for the four factors resolved by PMF. Factor 1 is 300 dominated by sucrose (100% during 1990-1993 and 100% during 2006-2009) , which should 301 be associated with airborne pollen grains (Pacini, 2000; Graham et al., 2003; Fu et al., 2012) . 302 Factor 2 is characterized by galactosan (83.5%, 93.2%), mannosan (84.0%, 96.8%), 303 levoglucosan (80.0%, 94.7%), and xylose (37.9%, 23.6%) during 1990-1993 and 2006-2009, 304 respectively, which should be associated with biomass burning sources. As mentioned earlier, 305 smoke plumes from biomass burning are often transported over the Chichi-Jima site from the 306 Asian continent during the colder winter period rather than in summer under the control of the 307 14 As shown in Figure 4 , sharp increases in the concentrations of levoglucosan and its 311 isomers are clearly found in mid-May 1991 (Figure 4c ) and mid-January 2006 (Figure 4o ). To 312 further explain the source regions of the observed biomass burning tracers, 10-day backward 313 air mass trajectory analyses were conducted for the two samples with the highest 314 concentration of levoglucosan during 1990-1993 (sample ID of QFF212) and during 315 2006-2009 (QFF2871) (Figure 9 ). The sample QFF212 was collected on 13-16 May 1991 316 when the air masses were mainly transported from the Central Pacific to the sampling site 317 (Figure 9 ). In the QFF212 sample, the concentrations of other sugars and sugar alcohols were 318 also high, but such an enhancement of other sugars and sugar alcohols cannot be detected in 319 the QFF2871 sample ( Figure 4) . A possible explanation is that the QFF212 sample might be 320 involved with a local fire event in Chichi-Jima in early summer; primary saccharides that are 321 generally present in coarse modes can co-transport to the sampling site with smoke aerosols. 322
A recent study also reported that the atmospheric levels of sugar alcohols (arabitol and 323 During 1990-1993, factor 5 includes erythritol (91.2%), fructose (71.3%), glucose (61.6%) 337 and inositol (28.7%) (Figure 7a ). During 2006-2009, however, factor 5 includes xylose 338 (76.4%), fructose (48.8%), glucose (38.8%), inositol (20.9%), and erythritol (18.1%) ( Figure  339 7b). Therefore, factor 5 was mainly associated with other sources, for example, the emission 340 of primary saccharides such as fructose and glucose during the growing seasons in both early 341 1990s and late 2000s. 342
As resolved by the PMF analysis, the average contributions of each factor to the 343 measured saccharides in 1990-1993 and 2006-2009 are shown in Figure 8 . The emission of 344 fungal spore (factor 4) was found to be the dominant contributor to the sugar compounds in 345 both periods, although the average contribution was higher in 2006-2009 (40.4%) than 346 1990-1993 (33.2%) . Similarly, the contribution of airborne pollen was 17.2% in [2006] [2007] [2008] [2009] 347 being higher than that (13.9%) in 1990-1993. The contribution of biomass burning to total 348 sugars was only 5.3% in 1990-1993; even lower value (2.5%) was found in 2006-2009. These 349 results suggest that the emission of primary biological aerosols is the dominant source of 350 water-soluble saccharides, while the contribution of biomass burning was minor in the remote 351 marine atmosphere. 352
Pearson correlation coefficients (Table 3) been changed according to seasons and meteorological conditions (Kawamura et al., 2003) . 357
The years of 1991 and 1992 were also characterized by a strong E1 Niño event, during which 358 the air over the western equatorial Pacific turned dry and hot, leading to frequent forest fires 359 16 in Southeast Asia (Kita et al., 2000) . These situations may partly interpret the different 360 distribution patterns of the five factors resolved by PMF between the two sampling periods. 361
Significantly high concentrations of arabitol and mannitol were detected in the aerosol 362 samples collected on 24-25 September 2009 (QFF3267) (Figure 4q-r) , which contributed to 363 the maximum concentration of total sugars during [2006] [2007] [2008] [2009] (Figure 3b ). Relatively high 364 levels of total saccharides in summer-autumn seem to be connected with the diversity of wind 365 directions and source regions. During 2006-2009, high correlation coefficients were found 366 among the concentrations of arabitol, mannitol, glucose and trehalose ( Table 3 ). The aerosol 367 samples collected in autumn are heavily influenced by trade winds, whose pathways cover 368 most of the Central North Pacific and a few other source regions such as Southeast Asia and 369
Asian continents (Figure 5d ). Correlation coefficients of glucose and fructose also showed 370 higher values in warmer seasons annually (Table 3) . When sucrose is rich in spring aerosols, 371 the atmospheric levels of glucose and fructose are also enhanced, indicating their similar 372 pollen sources (Fu et al., 2012) . As a result, it would be difficult to explain factors 4 and 5 as 373 a specific source (Figure 7) , given that these saccharides were possibly originated from either 374 PBAPs or other sources such as resuspended soil/dust and associated biota (Graham et al., 375 higher in late 2000s than those in early 1990s. The seasonal variations of anhydrosugars were 385 characterized by the concentration peaks in winter/spring due to heavy biomass-burning 386 activities in up-wind Asian continent followed by a long-range atmospheric transport and/or 387 1990-1993 and 2006-2009, respectively. 588 
